Facioscapulohumeral muscular dystrophy (FSHD) is caused by insufficient epigenetic repression of D4Z4 macrosatellite repeat where DUX4, an FSHD causing gene is embedded. There are two forms of FSHD, FSHD1 with contraction of D4Z4 repeat and FSHD2 with chromatin compaction defects mostly due to SMCHD1 mutation. Previous reports showed DUX4-induced gene expression changes as well as changes in microRNA expression in FSHD muscle cells. However, a genome wide analysis of small noncoding RNAs that might be regulated by DUX4 or by mutations in SMCHD1 has not been reported yet. Here, we identified several types of small noncoding RNAs including known microRNAs that are differentially expressed in FSHD2 muscle cells compared to control. Although fewer small RNAs were differentially expressed during muscle differentiation in FSHD2 cells compared to controls, most of the known myogenic microRNAs, such as miR1, miR133a and miR206 were induced in both FSHD2 and control muscle cells during differentiation. Our small RNA sequencing data analysis also revealed both DUX4-and SMCHD1-specific changes in FSHD2 muscle cells. Six FSHD2 microRNAs were affected by DUX4 overexpression in control myoblasts, whereas increased expression of tRNAs and 5S rRNAs in FSHD2 muscle cells was largely recapitulated in SMCHD1-depleted control myoblasts. Altogether, our studies suggest that the small noncoding RNA transcriptome changes in FSHD2 might be different from those in FSHD1 and that these differences may provide new diagnostic and therapeutic tools specific to FSHD2.
Introduction
Facioscapulohumeral muscular dystrophy (FSHD) is caused by incomplete repression of the D4Z4 macrosatellite repeat array on a disease-permissive haplotype of chromosome 4q that results in the aberrant expression of the Double Homeobox 4 (DUX4) retrogene imbedded within the D4Z4 repeat (1) . Incomplete repression of this locus in somatic cells can be caused either by contraction of the D4Z4 repeat array (95% of FSHD cases; FSHD1) or by epigenetic defects mostly through mutation of Structural Maintenance of Chromosomes Hinge Domain Containing 1 (SMCHD1) (5% of FSHD cases; FSHD2) (2) . Both FSHD1 and FSHD2 patients exhibit a similar clinical phenotype such as progressive weakness and wasting in the facial, shoulder and upper arm muscles. DUX4 is upregulated in both FSHD1 and FSHD2 muscles, and its expression correlates with severity of the FSHD muscle phenotype (3) . Previous studies reported mRNA expression changes in either muscle biopsies or primary myoblast lines derived from FSHD patients and most of the gene expression changes were shown to be caused by aberrant DUX4 expression (4) (5) (6) .
In addition to altered mRNA abundance, noncoding RNAs have also been implicated in FSHD biology. Various types of small noncoding RNAs (ncRNAs) have important functions in gene regulation and cell metabolism. MicroRNAs (miRNAs) are evolutionarily conserved, typically $ 22 nucleotide long noncoding RNA molecules that bind to Argonaute (AGO) protein, a component of RNA-induced silencing complex (RISC). miRNA-RISC binds to the 3 0 -untranslated region of target mRNA and negatively regulates expression of target genes at the posttranscriptional level either by translation inhibition or by mRNA decay (7, 8) . In previous studies, expression of known miRNAs was shown to be changed in FSHD muscle, mostly in FSHD1, compared to unaffected controls (9) (10) (11) (12) . These studies suggested that dysregulation of miRNAs may be correlated with FSHD pathology, causing muscle cell death and muscle differentiation defects. However, only a small number of identified FSHDrelated known miRNAs were found to overlap between these multiple studies (Supplementary Material, Table S1 ); this discrepancy might be explained by different types of sample sources and/or differences in experimental design and data processing. In addition, it has been shown that other types of small RNAs, such as tRNA-derived fragments (tRFs) and snoRNAs, could also play a role in gene regulation and therefore be implicated in human disease (reviewed in 13). As a majority of the previous studies used microarray-based approaches and/ or focused mostly on known miRNAs, genome-wide analysis of FSHD-specific changes in expression of other types of small non-coding RNAs has not yet been reported. Therefore, in addition to miRNAs, it is possible that other types of small RNAs might play a role in FSHD, and particularly in FSHD2 because of mutations in epigenetic modifiers. SMCHD1 was identified as one of epigenetic modifiers of transgene variegation through a genome-wide screen (14) . SMCHD1 regulates maintenance of X inactivation, hypermethylation of CpG islands on the inactive X and expression of gene clusters, such as clustered protocadherins, on both autosomes and the inactive X chromosome (15) (16) (17) (18) . SMCHD1 binds to the D4Z4 repeat and regulates the epigenetic repression of the D4Z4 repeat (19) . SMCHD1 mutations have been implicated in the aberrant DUX4 expression in FSHD2 and increased severity of FSHD1 (19, 20) , however the effect of SMCHD1 mutations on the transcriptome of small noncoding RNAs including known miRNAs has not been assessed genomewide.
In this study, we used next generation small RNA sequencing and showed that several types of small ncRNAs including miRNAs are differentially expressed in FSHD2 muscle cells that carry SMCHD1 mutations. Most of the known myogenic miRNAs that were induced during differentiation in the control cells were also induced in FSHD cells. However, fewer small noncoding RNAs including miRNAs were differentially expressed between myoblasts (MB) and differentiated myotubes (MT) in FSHD2 samples compared to controls, suggesting that defects in in the robustness of differentiation and the expression of differentiation-specific small noncoding RNAs might be associated with FSHD muscle phenotype. Further, FSHD2-specific small RNA gene expression analysis revealed that a subset of known miRNAs seems to be affected by DUX4 misexpression in FSHD, whereas other types of small RNAs including several tRNAs and 5S rRNA might be upregulated specifically in FSHD2 due to SMCHD1 mutation.
Results

Study design for identifying FSHD2-related small RNAs
Previously several research groups identified miRNAs differentially expressed in FSHD1 muscle cells by using either microarray or small RNA-sequencing (9, 10, 12) . However, there were only a small number of miRNAs that were identified as FSHDspecific in multiple studies and it is still unclear which miRNAs are closely involved in FSHD (Supplementary Material, Table S1 ). As previous reports mainly focused on miRNA expression changes in FSHD1, and epigenetic changes by SMCHD1 mutation may affect other types of small RNAs in FSHD2, we used next generation sequencing to identify small ncRNAs including miRNAs in two control (control A and control B) and two FSHD2 (FSHD2 A and FSHD2 B) cultured primary muscle cells as undifferentiated myoblasts (MB) and differentiated myotubes (MT) (Fig. 1A) . We compared FSHD2 samples with control samples to identify small RNAs that were differentially expressed in FSHD2, and MT samples were compared to MB samples to identify small RNAs differentially expressed during muscle differentiation. FSHD2 muscle cells used in this study were characterized by DNA hypomethylation in the D4Z4 region, presence of SMCHD1 mutations, and a normal range of D4Z4 repeat size (Fig. 1B) . Efficient muscle differentiation of each cell line was confirmed by myotube formation and expression of muscle differentiation markers, myogenin and Actin alpha 1 (Actin alpha 1 expression shown at the left panel of Fig. 1C ). We also confirmed DUX4 expression in FSHD2 MB/MT samples but not in controls, consistent with the previous studies (the right panel of Fig. 1C ).
The small RNA libraries for control and FSHD2 MB/MT samples were generated from total RNA, and cDNA fragments corresponding to 10-40 nt long small RNAs were captured for sequencing, generating 25$30 million reads per sample. The flow chart in Figure 1D shows overall small RNA sequencing data analysis. After adapter sequences were trimmed using Cutadapt, sequence reads were aligned to hg19 using Genomic Short-read Nucleotide Alignment Program (GSNAP) allowing up to 2 mismatches (21). Finally, the aligned sequence reads were annotated against genome. Annotated gene features were obtained from the integrated GENCODE V19 and UCSC tRNA Table Browser . Additional features were predicted using miRDeep2 for novel miRNAs (22) based on miRBASE 19 and inhouse algorithm for novel ncRNAs (see Materials and Methods for details). Note that our small RNA sequence reads when aligned to the D4Z4 region (AF117653) and then filtered to remove all the sequences aligned somewhere else in the genome, including multiple hits corresponding to simple repeats, did not reveal any previously reported unique D4Z4-derived small RNA transcripts (23, 24) , possibly due to low levels of expression in the whole cell lysate since most of the D4Z4 small RNAs were identified in the chromatin-associated fraction (23, 24) and/or difficulties with the repetitive sequence alignment.
Genome-wide alignment and annotation of different types of small RNAs present in the small RNA libraries showed that miRNAs comprised 30-40% of the total small RNA reads with the major peaks of miRNAs at 20-25nt, rRNAs/tRNAs at 30-35nt and unknown ('other' or 'protein coding') small RNAs contributed to both 25 and 35nt peaks. As 5 0 and 3 0 adapters were added to small RNAs with 5 0 phosphate and 3 0 hydroxyl group (mostly miRNAs processed by Drosha/Dicer1) during library preparation process, small RNAs derived from tRNAs, rRNAs, snoRNAs with the same 5 0 and 3 0 group still could be processed for small RNA library construction (25) (26) (27) . Differential expression of small RNAs in FSHD2 condition was analyzed using DESeq2 (28) (see Materials and Methods for details).
To validate our small RNA libraries and sequencing process, we compared normalized read numbers for myogenic microRNAs (myomiRs), miR1-1 and miR133a, and confirmed that the expression levels of these myomiRs were increased in both control and FSHD2 myotube (MT) samples, compared to myoblast (MB) samples. In contrast, expression of miR16, a ubiquitously and highly expressed miRNA (29, 30) , was not changed during muscle differentiation in both control and FSHD2 samples (Fig. 1E) . MT compared to MB, but expression of miR16-1, a ubiquitous miRNA, was not changed during muscle differentiation as expected.
Identification of small RNAs that were differentially expressed between control and FSHD2 muscle cells (FSHD2 versus control) Previously many miRNAs, including myogenic miRNAs (myomiRs), were shown to be dysregulated in FSHD1 muscle cells (9, 10) . To test whether small RNA expression is also affected in FSHD2, we first performed an unsupervised hierarchical clustering analysis of small RNA expression in four control samples (Control A MB/MT, Control B MB/MT) and four FSHD2 samples (FSHD2 A MB/MT, FSHD2 B MB/MT). This unbiased analysis revealed two main clusters corresponding to myoblast (MB) and myotube (MT) samples for all types of small RNAs ( Fig. 2A) , suggesting that the most prominent differences in small RNA expression among these samples are attributed to muscle differentiation. However, FSHD2 samples also grouped separately from the control samples within the major MB and MT clusters, suggesting FSHD2-specific small RNA expression changes.
To identify small RNAs differentially expressed in FSHD2 myoblasts or myotubes compared to controls, we performed differential gene expression analysis using DESeq2 [adjusted Pvalue (Padj)<0.05]. miRNAs and tRNAs were two prominent types of small RNAs among differentially expressed small RNAs in FSHD2 muscle cells ( Fig. 2B and Supplementary Material, Table S2 ). Unsupervised hierarchical clustering analysis exclusive for miRNAs revealed the same clustering pattern as for all types of small RNAs, with control and FSDH2 samples subclustering within the two major MB and MT clusters (Fig. 2C ). Compared to control samples, 11 and 18 known miRNAs were differentially expressed in FSHD2 myoblasts and myotubes, respectively. About 7 miRNAs (miR10b, miR127, miR138-1, miR138-2, miR143, miR182 and miR204) showed elevated expression in both FSHD2 MB and MT (Fig. 2B, D and E) . In contrast to the previous report by Dmitriev et al. (10) , our data did not show increased expression of known myogenic miRNAs (myomiRs), such as miR-1, miR133A and miR206, in FSHD2 undifferentiated myoblasts; moreover most of these myomiRs were robustly upregulated during muscle differentiation in both control and FSHD2 cells as described below and in Figure 1E . In addition, we did not observe differential expression of miR411, a previously identified miRNA that was upregulated in FSHD myoblasts and when over-expressed in vitro repressed myogenic factors, such as MyoD and myogenin (31) . These discrepancies between our results and previous reports might be due to different FSHD mutation types (FSHD2 versus FSHD1), different sample source and stages of muscle differentiation or different gene expression analysis (microarray versus RNA-seq) and data processing methods.
Our DESeq2 analysis was originally done on all small RNA gene features and the results for each subtype of small RNAs were presented separately ( Fig. 2 and Supplementary Material, Table S2 ). To compare our data with previously published reports, we also performed the DESeq2 analysis on miRNAs only (miRBASE 19). This analysis revealed more known miRNAs that were significantly upregulated or downregulated in FSHD2 cells (Padj < 0.05): 26 miRNAs in FSHD2 MB compared to control MB and 28 miRNAs in FSHD2 MT compared to control MT, with 12 miRNAs (miR10b, miR129-1, miR129-2, miR134, miR138-1, miR138-2, miR143, miR145, miR182, miR204, miR3117, miR4421) that showed differential expression in both FSHD2 MB and MT (Supplementary Material, Fig. S1 and Table S3 ). Importantly, these included most of the FSHD2-specific miRNAs identified in the original small RNA DEseq2 analysis: 10 out of 11 miRNAs Table S3 ). The discrepancy between these two DESeq2 analyses might be partially due to using different reference gene annotations (GENCODE19 versus miRBASE19). Additional miRNAs that showed significant expression changes in FSHD2 cells included miR411, miR372 and miR432. Therefore, depending on the analysis, our FSHD2-specific miRNA lists share either two miRNAs (miRNAs from Supplementary Material, Table S2 ) or 10 miRNAs (Supplementary Material, Table S3 ) with the lists of miRNAs differentially expressed in FSHD shown by previous reports (summarized in Supplementary Material, Table S1 ).
Although unsupervised hierarchical clustering of tRNAs only again showed two major clusters corresponding to MB and MT (Fig. 2F) , the DESeq2 analysis performed on all small RNAs identified several tRNAs differentially expressed in FSHD2 compared to controls ( For small RNAs that did not align to any known features, we used miRDeep2 algorithm to predict novel miRNAs (22) , and none of these novel miRNAs exhibited differential expression in FSHD2 relative to control samples (Fig. 2B ). For small RNA reads that were not aligned to known features and did not meet criteria for novel miRNAs, we used an in-house algorithm (see Materials and Methods for more information) to predict potential novel small ncRNAs. Most of the novel ncRNAs differentially expressed in FSHD2 relative to controls were located in introns of encoding genes (7 out of 17 for MB and 24 out of 31 for MT) ( Fig. 2B and Supplementary Material, Table S2 ), suggesting that these sequence reads might be generated from long nascent or noncoding transcripts spanning gene introns.
Our differential expression analysis for all small RNAs revealed various types of small RNAs, mostly miRNAs, tRNAs, and novel small ncRNAs that were differentially expressed between control and FSHD2 muscle cells (Fig. 2B ). Since the FSHD2 primary muscle cells used in our study for small RNA sequencing originated from patients carrying SMCHD1 mutations and exhibiting aberrant DUX4 expression ( Fig. 1B and C) , the observed FSHD2-specific changes in small RNA expression may be due to both aberrant DUX4 expression and SMCHD1-related defects in chromatin compaction.
Identification of subsets of differentially expressed small RNAs affected by DUX4 overexpression (DUX4 signature)
To test whether any of the observed FSHD2-specific changes in small RNA expression were due to aberrant DUX4 expression, we prepared two additional control samples for small RNA-seq: control myoblasts (Control A) transduced with the previously validated lentiviral vector constitutively expressing either DUX4 (lenti-DUX4) or GFP (lenti-GFP) as a negative control (6, 32) . Overexpression of the exogenous DUX4 in Control A MB transduced with lenti-DUX4 but not lenti-GFP was confirmed by measuring the expression of ZSCAN4, a DUX4 target gene (Fig. 3A) . As P-values for differential gene expression analysis could not be calculated due to a small sample number and lack of replicates (DUX4 versus GFP), we used DESeq2 regularized-logarithm (rlog) function to compute the log transformation which allowed us to reduce large magnitude of fold-change for lowcount features and to rank genes based on their differential expression (rlog2FC). In contrast to the normal log2FC expression Table S2 ). miRNAs, tRNAs and novel noncoding RNAs (ncRNAs) were the major types of FSHD2-specific small RNAs. analysis where the noisiest weak genes could appear at the top, the rlog2FC ranking would place at the top genes that are strongly upregulated in one sample compared to another. We selected differentially expressed small RNA genes with rlog2FC cutoff > 0.8. Our DESeq2 data analysis for these samples identified only a small number of small RNAs differentially expressed in control myoblasts transduced with DUX4 expressing lentivirus (rlog2FC >0.8) (Fig. 3B and Supplementary Material, Table  S4 ), suggesting that only a subset of FSHD2-specific small RNAs are directly affected by aberrant DUX4 expression. Five known miRNAs (miR182, miR302A, miR371a, miR372 and miR373) were upregulated and one miRNA (let-7C) was downregulated in control MB transduced with DUX4 lentivirus compared to GFP control (Fig. 3C) . Only three miRNAs, miR182, miR372 and miR373 overlapped with the miRNAs differentially expressed in FSHD MB or MT (Padj <0.05) (Fig. 2E, Supplementary Material, Fig. S1B and Tables S2 and S3 ). However, all five DUX4-specific miRNAs that were upregulated in lenti-DUX4 transduced control MB showed the same trend of expression, increased expression in FSHD2 MB/MT in comparison to control MB/MT (Note that two out of five miRNAs were not included in the FSHD2 differentially expressed miRNA lists due to the P-value cut-off, Supplementary Material, Table S4 ).
To confirm DUX4-specific miRNA expression, we used qRT-PCR to measure the levels of expression of mature miR371a, miR372, miR373 and miR182 in an independent DUX4 overexpression system, previously generated control myoblast line stably transduced with doxycycline (DOX)-inducible DUX4 lentivirus (4). This recently developed inducible DUX4 expression system has been extensively characterized and shown to accurately and reproducibly re-capitulate DUX4-associated transcriptional changes in FSHD muscle cells (4) . Indeed, the DUX4-specific miRNAs were induced in DOX-treated samples (plus DOX: 14 and 24 h) compared to the untreated sample (no DOX), suggesting that DUX4 regulates expression of these miRNAs either directly or indirectly (Fig. 3D ).
Predicted and/or validated target genes of DUX4-induced miRNAs
To study the potential function of DUX4-induced miRNAs and correlation with the aberrant DUX4 expression in FSHD2, we searched predicted target genes for the DUX4-specific miRNA using Targetscan (Targetscan.org; date last accessed May 16, 2018) (33) . The predicted target genes for each DUX4-induced miRNA is listed Supplementary Material, Table S5 . As miRNAs bind to the 3 0 -UTR of their target genes and decrease their mRNA level through deadenylation and/or RNA decay or the protein level through the translation inhibition, we analyzed our previously published mRNA-seq datasets for control myoblasts transduced with the DUX4-expressing lentivirus (exogenous DUX4) and FSHD myoblasts expressing endogenous DUX4 (4) to identify genes robustly downregulated in both exogenous and endogenous DUX4 expressing myoblasts. Then we compared 280 downregulated genes with the predicted target genes of the DUX4-induced miRNAs (miR371A, miR372, miR373, miR182 and miR302A). Interestingly, 58 out of 280 genes overlapped with the predicted target genes of the five DUX4-specific miRNAs (Supplementary Material, Table S5 ). Gene Ontology (GO) analysis of the 58 predicted miRNA target genes showing downregulated mRNA levels in DUX4-expressing myoblasts by using PATHER GO biological process (34) showed that they are involved in positive regulation of cellular process (35 genes), tissue development (19 genes), cell differentiation (27 genes) and developmental process (34 genes) ( Fig. 3E and Supplementary Material, Table S6 ), suggesting that aberrant DUX4 expression may deregulate developmental process and differentiation through DUX4-induced miRNAs in FSHD.
Differentially expressed small RNAs affected by SMCHD1 mutation (SMCHD1 signature)
Most of tRNAs differentially expressed in FSHD2 MB and MT samples compared to controls (Fig. 2F) did not show significant changes in control myoblasts transduced with lenti-DUX4 (Fig. 3B) , suggesting that differential expression of tRNAs might be due to epigenetic defects caused by SMCHD1 mutations. Interestingly, it has been shown that SMCHD1 binds to tRNA clusters located on chromosome 1 that are hypomethylated in FSHD2, and tRNAs within these clusters were also upregulated in FSHD2 muscle cells (35) . To test whether SMCHD1 is involved in regulation of tRNA expression, we knocked down SMCHD1 in control muscle cells (Control A) using a previously validated shRNA targeting SMCHD1 (19) . SMCHD1 depletion and upregulation of the known SMCHD1 target genes, such as protocadherin B2 (PCDHB2) and B16 (PCDHB16) (16, 36) , was confirmed by qRT-PCR (Fig. 4A) . We tested the expression of three tRNAs (GlyGCC, GluCTC and ValCAC) that were found to be differentially expressed in our FSHD2 muscle cells (Fig. 2H , Supplementary Material, Table S2 ) and are located on chromosome 1. In two independent SMCHD1 knock down experiments, we observed increased levels of expression of these tRNAs in SMCHD1 depleted control muscle cells compared to non-silencing control (Fig. 4B) , suggesting that differential expression of these tRNAs in FSHD2 may be due to SMCHD1 mutations. FSHD2-specific upregulation of these tRNAs was also validated by qRT-PCR analysis of control and FSHD2 myoblasts, consistent with our small RNA-seq data (Fig. 4C) .
In addition to tRNAs, we observed increased expression of four 5S rRNA genes in FSHD2 muscle cells compared to controls (Fig. 2B and Supplementary Material, Table S2 ), and notably one of them (RNA5SP19: RNA 5S ribosomal Pseudogene 19) is located at the region of chromosome 1 (chr1: 228,743,045-228,782,516) found to be hypomethylated in FSHD2 samples (35) .
Identification of small RNAs differentially expressed during muscle differentiation in control and FSHD2 cells (MT versus MB)
It has recently been reported that miRNA regulation is disrupted in FSHD with most changes affecting cell cycle and musclespecific miRNAs (9, 10) . To determine small RNAs that are differentially expressed in FSHD2 cells during muscle differentiation, we compared myotube samples with the corresponding myoblast samples (control MT versus control MB and FSHD2 MT versus FSHD2 MB). Consistent with the previous report by Colangelo et al. (9) , differential expression analysis (DESeq2) of all small RNAs in our MT samples compared to MB samples revealed that fewer known miRNAs were differentially expressed during muscle differentiation in FSHD2 cells (28 miRNAs) in comparison to controls (62 miRNAs) (Padj < 0.05) (Fig. 5A and Supplementary Material, Table S2 ). Out of 28 miRNAs differentially expressed in FSHD2 MT compared to MB, 26 overlapped with miRNAs differentially expressed in control MT compared to MB (Fig. 5B) . These 26 miRNAs included only 9 out of the 14 previously characterized myogenic miRNAs (myomiRs) (37, 38) that were differentially expressed during muscle differentiation in our control cells (miR1-1, miR31, miR101, miR128b, miR133b, miR206, miR222, miR362, miR432, miR486, miR500, miR502, miR550 and miR660) ( Table S3 ). (D) qRT-PCR analysis of the DUX4-specific miRNA expression in control myoblasts stably transduced with Doxycycline (DOX)-inducible DUX4 lentivirus previously described in (4) . Error bars in the graph show the SD of the mean for real-time PCR technical triplicates. DUX4-specific miRNAs, miR373, miR372, miR371a and miR182, were induced in DOX-treated DUX4 expressing MB (plus DOX: 14 and 24 h) compared to the untreated MB (no DOX). (E) GO term analysis showed that positive regulation of cellular processes, developmental processes and cell differentiation were overrepresented GO categories for predicted DUX4-specific miRNAs target genes that were downregulated (on mRNA level) in DUX4-expressing myoblasts. Table S3 ), suggesting that the reduced expression of known miRNAs including myomiRs in FSHD2 myotubes could be related to muscle differentiation defects in FSHD.
Among known myomiRs, miR486 exhibited statistically significant upregulation of expression only in controls MT but not in FSHD2 MT (Fig. 5B and C and Supplementary Material, Table S2 ). miR486 has been shown to be directly regulated by MyoD, SRF and MKL1 as well as to accelerate muscle differentiation by downregulating Pax7 translation through binding to its 3 0 -UTR (37, 39) . The previous report on small RNA-seq analysis of FSHD1 muscle cells also showed that miR486 was not induced in FSHD myotubes (9) . Interestingly, miR486 is downregulated in Duchenne muscular dystrophy (DMD) patient muscles and muscles of dystrophin-deficient mice (Dmdmdx-5Cv mice) and overexpression of miR486 improves muscle phenotypes in Dmdmdx-5Cv muscle (40) . In addition, two miRNAs, miR372 and miR373, that were significantly upregulated during muscle differentiation in FSHD2 cells but not in controls ( Fig. 5B and C) were also induced by DUX4 overexpression in control myoblasts (DUX4 signature) (Fig. 3C) , suggesting that miR372 and miR373 might be upregulated in FSHD2 cells due to aberrant DUX4 expression. In addition to known miRNAs, we identified 11 novel miRNAs (predicted by miRDeep2, see Materials and Methods section for details) that were differentially expressed during muscle differentiation. Three novel miRNAs were differentially expressed in both control and FSHD2 cells and eight novel miRNAs were differentially expressed only in control samples ( Fig. 5A and C) . All of the 11 novel miRNAs were located either in exons or introns of known genes (Supplementary Material, Table S2 ). One of these miRNAs, novel_miRNA_485, that was Table S2 ) were also induced in SMCHD1-depleted control myoblasts, suggesting that differential expression of tRNAs in FSHD2 may be due to SMCHD1 mutations. (C) FSHD2-specific upregulation of the tRNAs tested in (B) was confirmed by qRT-PCR analysis of control and FSHD2 muscle cells. Expression levels normalized to those of GAPDH in the same sample are presented for each experiment as mean 6 SD for real-time PCR triplicates. downregulated during muscle differentiation in both control and FSHD2 samples, is identical to miR7974 listed at miRBASE v21 as a miRNA with unknown function. As we used GENCODE V19 and miRBASE v19 to predict features for our sequence reads, information about newly registered miRNAs, like miR7974, was missing in our data analysis. Interestingly, another identified novel_miRNA_565 is located in the Ankyrin1 intron and processed from its antisense transcript, whereas Although, 26 miRNAs including major myogenic miRNAs were differentially expressed during muscle differentiation (MT versus MB) in both control and FSHD2 samples, fewer miRNAs showed significant expression changes in FSHD2 samples compared to controls (28 versus 62 miRNAs), suggesting potential defects in the FSHD2 muscle differentiation program. In addition to the known miRNAs, the heatmaps in (C) also included novel miRNAs predicted by miRDeep2. (D and E) The Venn diagram and heatmaps show tRNAs differentially expressed in MT samples compared to MB samples. Similar to miRNAs, fewer tRNAs were differentially expressed during muscle differentiation (MT versus MB) in FSHD2 samples than in controls (6 versus 18 tRNAs). myomiR miR486 is expressed from the sense transcript at the same location, similar to the relation between iab-4 and iab-8 miRNAs in Drosophila (41) . Both miR486 and novel_miRNA_565 were upregulated during muscle differentiation only in control samples, suggesting their potential involvement in muscle differentiation defects caused by FSHD condition.
In general, there were fewer small noncoding RNAs differentially expressed during muscle differentiation in FSHD2 cells in comparison to controls (Fig. 5A and Supplementary Material, Table S2 ). About 22 tRNAs, for example, were differentially expressed in control MT samples compared to MB and only 6 out of these 22 tRNAs were differentially expressed in FSHD2 MT compared to MB (Fig. 5D and E) .
Discussion
It is important to identify dysregulated gene expression in a disease condition in order to understand the mechanisms by which the disease occurs as well as to develop efficient therapeutic interventions. Previous studies suggested a correlation between changes in known miRNA expression and muscle diseases, including FSHD. In this study, in addition to known miRNAs, we identified other types of small ncRNAs that were differentially expressed in FSHD2 muscle cells. Interestingly, only few of our FSHD2-related miRNAs were identified by previous studies (see Supplementary Material, Table S1 ). The discrepancies among FSHD miRNA studies might be due to usage of different cell sources (e.g. FSHD1 versus FSHD2) and/or different experimental methods/data analyses. Although, most myogenic miRNAs were still induced in differentiated FSHD2 muscle cells, many small ncRNAs showed overall damped expression level in FSHD2 muscle compared to control, suggesting a potential connection with muscle differentiation defects in FSHD2. Our study also revealed that some expression changes in small RNAs in FSHD2 muscle might be connected with either aberrant DUX4 expression or mutations in SMCHD1.
We found different types of small noncoding RNAs differentially expressed during muscle differentiation including known myogenic miRNAs (myomiRs). We did not observe dysregulation of major myomiRs such as miR-1-1, miR-133a and miR-206 in FSHD2 muscle cells during differentiation. This result is consistent with the recent report that shows the expression pattern of myomiRs was not changed in FSHD1 human fetal muscle biopsies compared to control (12) . However, compared to control cells, many myotube-related miRNAs did not show differential expression during muscle differentiation in FSHD2. In future studies, it will be worth testing whether modulation of these miRNAs might affect the muscle differentiation program in control muscle and contribute to muscle differentiation defects in FSHD.
We also tested which small RNAs were affected by DUX4 overexpression (recapitulating aberrant DUX4 expression in FSHD1 and FSHD2 muscles) or SMCHD1 depletion (recapitulating SMCHD1 mutations in FSHD2 muscles) in control muscle cells. We identified a group of miRNAs induced by DUX4 overexpression. Interestingly, consistent with previous reports on DUX4 expression in germ lines, human embryonic stem cells (hESCs), and induced pluripotent cells (iPSCs) (24, 42) , most DUX4-induced miRNAs (miR-302-367 and miR-371-373 clusters) are hESC-specific miRNAs that are highly expressed in hESCs and downregulated during differentiation (43) . These ESCspecific miRNA clusters have been shown to maintain rapid proliferation, to regulate pluripotency and to promote iPSC reprogramming process (44) (45) (46) (47) (48) (49) . DUX4 might have roles in regulation of pluripotency through DUX4-specific microRNAs in early development. Misexpression of these miRNAs by DUX4 in FSHD muscle might cause defects in muscle differentiation program and/or cell cytotoxicity.
Our data also suggested that induced tRNA and 5S rRNA expression in FSHD2 might be mainly due to loss of SMCHD1. Indeed, hypomethylation of the tRNA and 5S rRNA clusters located on chromosome 1 has been shown in FSHD2 muscle cells (35) , and these clusters overlapped with the tRNAs and 5S rRNAs differentially expressed in our FSHD2 samples. However, a number of the differentially expressed FSHD2-specific small RNAs, mostly novel small RNAs, showed differential expression either in both MB and MT (28 out of 133) or in MT only (62 out of 133) (Fig. 2B) , which is unlikely to be related to SMCHD1 mutations since the SMCHD1 protein levels are known to be decreased during muscle differentiation (50) .
Our data analysis showed that expression of several tRNAs were induced in FSHD2 muscle cells compared to controls. Considering our small RNA reads are up to 40 bp long and the size of mature tRNAs are 76 $ 90 nucleotides, our small RNA seq data suggest potential expression of tRNA-derived small RNAs (tRNA fragments) in FSHD2 muscle. A previous extensive analysis of tRNA derived fragments revealed that they represent a distinct evolutionarily conserved class of smallnoncoding RNAs that, similar to miRNAs, associate with AGO proteins and recognize specific RNA targets (51) . Recent studies demonstrated tRNA fragments were implicated in cancers and neurodegenerative disease, but involvement of these small noncoding RNAs in FSHD pathology has not been studied (52, 53) . Like tRNA fragments, several small nucleolar RNAs (snoRNAs) were shown to be induced in FSHD2 muscle cells, suggesting that these small RNA reads might be potential snoRNA-derived RNAs (sdRNAs). All snoRNAs differentially expressed in FSHD2 muscle cells were from two clusters of snoRNA genes (SNORD113 with 9 copies and SNORD114 with 31 copies) located in the imprinted domains in 14q32 locus (54) . This region was not defined as one of hypomethylated loci in FSHD2 muscle cells regulated by SMCHD1 and differential expression of these snoRNAs in FSHD2 condition has not been studied (35) , however, snoRNA-derived small RNAs, such as sno-miRNAs, might also have a role in gene regulation (55) .
Thus, our current study demonstrated the expression changes of several types of small ncRNAs as well as known miRNAs in FSHD2 muscle cells with SMCHD1 mutations. Most myogenic miRNAs were still differentially expressed in differentiated FSHD2 muscle cells. However, many small ncRNAs showed overall dampened expression in FSHD2 muscle compared to control, suggesting a potential connection with muscle differentiation defects in FSHD2. Further, some expression changes were associated with either aberrant DUX4 expression or SMCHD1 mutation, suggesting distinct signatures in FSHD2 and FSHD1 small ncRNA transcriptomes.
Materials and Methods
Myoblast cultures
The Fred Hutchinson Cancer Research Center approved the use of de-identified human cells for this study. Primary myoblasts from two unaffected (NR135 designated as Control A and NR209 as Control B) and two FSHD2 (2062 designated as FSHD2 A and 2305 as FSHD2 B) individuals were obtained through the Fields Center at the University of Rochester (http://www.urmc.roches ter.edu/fields%2Dcenter/; date last accessed May 16, 2018) . The myoblasts were derived from a needle biopsy of the vastus lateralis (http://www.urmc.rochester.edu/fields-center/protocols/ needle-muscle-biopsy.cfm; date last accessed May 16, 2018) and established as primary cultures through dispase and collagenase dispersion (http://www.urmc.rochester.edu/fields-center/ protocols/myoblast-cell-cultures.cfm; date last accessed May 16, 2018) . Primary myoblast cell lines were routinely maintained in F-10 Medium (Invitrogen) supplemented with 20% fetal bovine serum (Atlanta Biologicals, GA), 1% Pen/Strep, 10 ng/ml hrFGF (Promega) and 1lM Dexamethasone (Sigma) (Growth media). Myoblasts were induced to differentiation to myotubes with DMEM, 1% heat-inactivated horse serum, 10 lg/ml insulin (Sigma) and 10 lg/ml transferrin (Sigma) (Differentiation media) for 48 h. Cells were maintained at 37 C in a humidified atmosphere of 5% CO 2 .
Lentiviral transduction of control myoblasts
DUX4-or GFP-expressing lentivirus previously described in (32) or lentivirus (pGIPZ) with the previously validated SMCHD1 shRNA (#3881) (19) were generated by transfection of the appropriate lentiviral vector into 293T cells, along with the packaging and envelope plasmids pMD2.G and psPAX2 using lipofectamine 3000 reagent (ThermoFisher). Control myoblasts (Control A) were transduced with the DUX4 or GFP lentivirus in the presence of polybrene for 24 h. Generation of the control myoblasts (Control 1) stably transduced with the doxycycline (DOX)-inducible DUX4 lentivirus was previously described in (4) . The stably transduced cells were treated with 1lg/ml DOX for 14 and 24 h before RNA extraction.
To knock down SMCHD1, control myoblasts (Control A) were transduced with SMCHD1 shRNA lentivirus for 24 h, followed by puromycin selection (2 lg/ml) for a week before harvesting RNA.
RNA isolation
Total RNA from myoblasts (MB) and myotubes (MT) from two control and two FSHD2 individuals was isolated using TRIZOL (Invitrogen) according to the manufacturer's instructions. The isolated RNA was treated with DNase twice to remove contaminating DNA prior cDNA generation. First, isolated RNA was treated with RNase-free DNaseI (Sigma-Aldrich, #04716728001 ROCHE) followed by acidic phenol/chloroform extraction, and then treated with TURBO RNase-free DNase (Ambion) followed by inactivation reagent treatment. The DNaseI-treated RNA was tested for genomic DNA contamination by PCR and RNA quality by RNA gel. Please note that a recent study on isolation of small noncoding RNAs reported that a number of miRNAs with low GC content can be selectively lost when extracted from a small number of cells using TRIZOL (56) . To avoid this bias, our primary myoblasts (MB) were cultured to 70-80% confluence prior to RNA extraction and to 90-100% confluence prior to induction to differentiation to myotubes (MT). Indeed, most of the miRNAs reported sensitive to cell density during TRIZOL extraction, including miR-301a, miR106b, miR-34a, miR-29b, miR-21 and miR-15a (56), showed robust expression levels in our MB and MT samples from control and FSHD2 individuals (Supplementary Material, Table S3 ).
RNA processing for high-throughput sequencing: small RNA library preparation
To ensure high standard and consistency in small RNA libraries preparation, the eight total RNA preps from FSHD2 and control MB and MT samples were further processed at the FHCRC Genomics Core for quality control (QC) analysis and small RNA libraries preparation using Illumina TruSeq small RNA protocol. Briefly, the RNA samples were QC analyzed and small RNAspecific 3 0 -adapter and 5 0 -adapter linker sequences were ligated to RNA samples. RNA was then reverse transcribed (RT) to create single stranded cDNA, followed by cDNA amplification with a common primer corresponding to the 5 0 -adapter sequence and a 3 0 -adapter primer containing a 6-nt unique index (barcode) sequence to allow multiplex sequencing. Eight small RNA libraries (each labeled with a unique 'barcode' sequence) were pooled for size selection, and 130-160 bp cDNA fragments corresponding to 10-40 nt long small RNAs were captured and sequenced in 2 lanes of a 50-cycle single read run using the Illumina HiSeq 2000 system with expected 25-35 million sequence reads per library. The data is available through GEO accession number GSE113133.
cDNA generation cDNA was generated with Superscript II (Invitrogen) under the following conditions. About 1 ll of Oligo-dT primer or 250ng of random primer (Invitrogen) was added to 1 lg of RNA and incubated at 65 C for 5 min in a thermocycler. The RNA/primer mixture was chilled on ice. Next, the reaction mixture, nuclease free H2O, 5Â buffer, RNaseOut (Invitrogen), dNTPs, DTT and RT was added to the RNA/primer mixture and incubated for 1 h at 45 C and for 10 min at 50 C. The RT was inactivated at 70 C for 15 min. Synthesis of cDNA was verified and normalized by amplification of the control transcripts GAPDH. no-RT reaction was used as a control for DNA contamination and primers were verified by amplification of cDNA.
Quantitative RT-PCR
Quantification of mRNA or tRNA levels in control and FSHD2 myoblasts and myotubes was carried out by qRT-PCR on the automated ABI 7900 PCR machine (Applied Biosystems) using iTaq Univer SYBR Green (Bio-Rad) with ROX passive reference dye added. cDNA was generated with OligodT or RNA random primers using 1 mg RNA, then diluted 1:1 with distilled water. qRT-PCR analysis of microRNA expression
Quantification of miRNA levels in control myoblasts stably transduced with the DOX-inducible DUX4 lentivirus (4) was carried out by qPT-PCR by following the protocol developed by Dr. Busk (57, 58) . qPCR primers for DUX4-specific miRNAs were designed to amplify mature miRNA sequences using miRprimer program (see PCR primers in Supplementary Material, Table S7 ). Briefly, cDNA samples were generated with specific RT primers with tag sequence (5 0 -CAGGTCCAGTTTTTTTTTTTTTTTVN, where V is A, C and G and N is A, C, G and T) in the presence of poly(A) polymerase (New England Biolabs). Then, qPCR was carried out as described earlier with specific miRNA primers designed by miRprimer program (https://sourceforge.net/proj ects/mirprimer/; date last accessed May 16, 2018) . Depending on the alignment of small RNA-seq reads of miRNA genes, we selected either 5p-(5 0 side of pre-miRNA/hairpin) or 3p-(3 0 side of pre-miRNA/hairpin) sequences of mature miRNAs for primer design. Please note that out of the five DUX4-specific miRNAs (182, 302a, 371a, 372 and 373), we were unable to design primers to 302a that passed QC. miRNA expression levels were normalized to expression levels of 7SL scRNA (59) measured in the same sample using primers listed in Supplementary Material, Table S7 . mRNA expression data were presented as mean 6 SD for real-time PCR triplicates.
Sequencing data analysis
Bioinformatics pipeline Each of our small RNA libraries consisted of $ 25-35 million reads and the reads length after trimming the adapters ranged from 10 to 40 nt. The pipeline for preparing data for downstream analysis included three major steps: preprocessing, feature annotation/prediction and counting reads in features.
For preprocessing, sequence reads were clustered, deconvoluted, trimmed from 3 0 prime adapters and assessed for quality control and size distribution; finally, the reads were aligned to the human reference genome (hg19) using Genomic Short-read Nucleotide Alignment Program (GSNAP, version 2014-12-29) (21) allowing up to 2 mismatches per read, maximum mismatch score was set to 0.07. To mitigate the effects of PCR amplification bias introduced during sample preparation, only one copy of any duplicated read was retained for further analysis. The genomic features of interest were collected from the following sources. The aligned reads were annotated against the integrated GENCODE V19 and UCSC tRNA track. The miRDeep2 program (22) was used to predict novel miRNAs based on miRBASE 19. Only novel miRNAs that were not already annotated by GENCODE V19 were kept. Subsequently, the aligned reads that were not mapped to the annotated features and novel miRNAs were collected and we used an in-house algorithm to predict novel non-coding RNAs. Using these reads, we clustered neighbors of reads within 200 bp to form novel ncRNA. Overall, our list of genomic features was a collection of annotated and predicted coding and noncoding RNAs, including known miRNAs, tRNAs, novel miRNAs and novel non-coding RNAs.
The challenge of the counting of reads in our study was that there were many overlapping regions between noncoding RNAs and exons of protein-coding features. The reads that mapped to these regions were kept, because they were likely originated from noncoding RNAs. Therefore, the precedence was given to the noncoding features, and the reads mapped to the disjoint regions of the noncoding features were assigned counts first. Then the remaining reads that were not mapped to the noncoding features were assigned to the protein-coding features. The assigned counts were adjusted by the number of reported multiple alignments of each read.
Downstream analysis
The DESeq2 package (28) was used to perform differential analysis comparing expression between two biological conditions (Supplementary Material, Tables S2-S4 ). In the case when replicates were not available, the rlog function from DESeq2 was used to compute the log transformation which allowed us to reduce large magnitude of fold-change for low-count features (Supplementary Material, Table S4 ).
Software
The counting hits algorithm was adapted and modified from the summarizeOverlaps function from the Bioconductor Genomic Alignments package. The Bioconductor 3.2 packages (compatible to R 3.2) was used for RNA-seq-related data analysis and mirDeep2 (22) was used for novel miRNA prediction.
miRNA target prediction and gene ontology analysis
Predicted target genes for five DUX4-specific miRNAs were searched from targetscan database (www.targetscan.org; date last accessed May 16, 2018) and only putative target genes of broadly conserved miRNAs were selected for further analysis (Supplementary Material, Table S5 ). GO category analysis for predicted target genes was conducted using the PANTHER classification system (http://pantherdb.org/geneListAnalysis.do; date last accessed May 16, 2018) using the statistical overrepresentation test against all human genes, using the complete GO biological process annotation (Supplementary Material, Table S6 ).
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